The deployment of low-power nodes such as femtocells within the macrocell's coverage area is one of the main features of future 5G networks. However, challenges arise in the femtocell planning and management, particularly due to interference occuring when femtocells are deployed in a co-channel with the macrocell. The cognitive radio inspired femtocell is one of the solutions to mitigate interference. In this study, the cognitive scheme is enhanced by enabling the femtocell to take advantage of LTE channel-dependent scheduling in order to predict the future resources of nearby victim macro-users and avoid using them. Simulation results show that the co-channel interference on the macrocell downlink signal is minimal, and therefore performance is improved under the condition that the cognitive femtocell operates adaptively and monitors spectrum allocations continuously.
IntroductIon
The mobile phone industry has undergone significant evolution and introduced innovative services, leading to a competitive market. Operators are always seeking new technologies, which help to serve an increasing number of clients. One of the current methods is to use broadband internet to increase the radio coverage by deploying femtocell technology. Due to their low transmission power, femtocells reduce the amount of interference with other communication devices, while providing improved indoor coverage. In addition, the battery life of the mobile device can be prolonged because it only needs to connect over short distances when connecting to a femtocell instead of connecting to the nearest macrocell [1] .
However, the presence of small femtocell base stations within the coverage area of larger ones alters the architecture of the entire cellular system. Network operators may prefer co-channel deployment because it provides higher system capacity, but this is also more likely to lead to interference.
Different approaches have been proposed in order to reduce and mitigate co-channel interference. The almost blank subframe (ABS) presented in [2] is one method to enhance intercell interference coordination, where the required number of ABSs was investigated based on modeling the base station and user equipment (UE) positions. Although the ABS method manages the interference well, it causes time-frequency resource waste for the macrocell. Power control is exploited widely in fourth generation (4G) systems in order to reduce the effects of dead zones created by the femtocell coverage. One approach for power control is the one presented in [3] , where a distributed femtocell downlink (DL) power control is based on the minimum power required for the femto-users to meet the DL outage probability. However, one drawback in power control schemes is the degradation of the signal-to-interference-plus-noise ratio (SINR) at the femto-user's side if the femtocell reduces its transmitted power by a large amount in order to reduce the interference level [4, 5] .
The cognitive femtocell has been proposed in several works such as in [6] , where the femtocell relies on the traffic pattern of the macro-users in order to allocate the spectrum opportunistically. Another cognitive approach, such as the one presented in [7] , investigates opportunistic cooperation between the macro-users and the femto-user in such a way that the femto-user cannot transmit concurrently with the macro-user, and the femto-user follows pre-defined models based on the macro-users' idle and busy periods.
Although the cognitive femtocell is a promising technology, it is not easy to employ a cognitive approach to detect access opportunities. In LTE systems, the resource allocations vary in response to the channel condition at the user location. In heavily loaded big cells such as the macrocell, scheduling is highly dynamic and changes every subframe so that the allocated resource blocks in one subframe may not be allocated again to the same user in the following subframe. This causes instability at the cognitive femto-scheduler and degrades the quality of service (QoS) because the cognitive femtocell cannot sense and utilize/ evacuate the resources simultaneously at every millisecond (subframe). Thus, the current cognitive information of the occupied macrocell resources may not be useful enough unless it is enhanced by an estimation of the future candidate resources.
In this article, a new method is proposed for robust spectrum sharing, performed by the co-channel femtocell in order to become aware of the current and future scheduling opportunities. The superiority of the presented scheme is that the femtocell, in addition to listening to the macrocell DL signal and sensing the uplink (UL) signal to discover spectrum opportunities, is enabled to receive the nearby macro-users' UL signal and to predict future resource preferences using the channel-dependent scheduling process in LTE. The minor cooperation with the macrocell over the X2 interface as well as the advantages and possible drawbacks of the proposed scheme are presented in the following sections.
The remainder of this article is organized as follows. In the following section the proposed scheme is presented, and the importance of interference management is demonstrated in addition to the co-channel deployment challenges and macro-user tracking. After that, interference avoidance performance is evaluated by presenting the performance results of extensive simulations using OPNET. Then we present a consideration of the UL scenario. Finally, the conclusions of this study are summarized.
ProPosed scheme requIrements
It is vital to the efficiency of the system that the performance of femtocells does not undermine the activity level of the primary users, that is, the macro-users. A feature of these low-power nodes is that they can be deployed by the user at any time. Therefore, any interference management scheme must yield priority to the macrocell and its users.
Interference scenarios related to co-channel femtocell deployment are considered to be identical for time-division duplex (TDD) and frequency-division duplex (FDD) modes [8] , and because the proposed method does not require any change on the femtocell physical layer design or on the radio access network (RAN) signaling, simulation results have been generated for the FDD mode, and therefore similar performance trends can be inferred for the TDD mode.
Co-channel interference that may occur between two adjacent femtocells is known as co-tier interference. On the other hand, cross-tier interference ( Fig. 1 ) occurs when there is an overlap between the macrocell and the femtocell spectrum. Co-tier interference was recently investigated in [9] . Interference mitigation in the cross-tier scenario is the issue investigated in the following sections of this study in order to guarantee the QoS and improve spectrum utilization. The focus is on the DL scenario. Figure 2a shows the DL frame timing for macrocell and femtocell in LTE systems. If the data region is corrupted in some places due to interference, the hybrid automatic repeat request (HARQ) mechanism could help in restoring the corrupted data through multiple retransmissions. However, there is no HARQ for the control region data. Therefore, they must be protected, and the target block error rate (BLER) over them must typically be 1 percent or less; otherwise, the UE will not be able to search for its resources and as a result will not be able to access the network.
In order to avoid interference or reduce it to the lowest possible value over the control channels, the femtocell frame is shifted by three symbols relative to the macrocell's DL frame assuming that the femtocell and the macrocell are time-synchronized. This is similar to what is described in a Third Generation Partnership Project (3GPP) technical report [8] .
LIstenIng, sensIng, And mAcro-user trAckIng Figure 3a presents the algorithm proposed for interference avoidance and macro-user tracking. After startup, the femtocell performs listening using a listening module to receive the DL reference symbols of the macrocell. This is not straightforward and requires the femtocell to be synchronized with the macrocell [10] . Once the synchronization signals from an eNB are audible, the femtocell detects the macrocell physical ID (PCI) and frame timing from the primary synchronization signal (PSS) and secondary synchronization signal (SSS), and the DL bandwidth from the master information block (MIB). One of the self-configuration procedures performed by the femtocell is assigning itself a PCI different from the macrocell PCI so that there will be no two adjacent cells with the same PCI.
After discovering the macrocell bandwidth and the starting frequency f M , the femtocell decides if there is any resource overlap with the macrocell depending on the allocated femto-bandwidth. If there is an overlap with the macro-resources, the femtocell has to sense the macro-users' presence within its detection area. The detection approach is based on spectrum sensing and detecting the UL reference signals such as the demodulation reference signals (DMRS) where in LTE UL a large number of different DMRS sequences are used to support a large number of UEs in multiple cells (Fig.  2b) . The nearby macro-users can be distinguished based on the received signal strength (RSS) [11] . A power threshold is defined in order to determine the UL signals of macro-users of interest. A higher threshold means that the femtocell selects the close macro-users due to their higher received power, whereas a lower threshold implies that the femtocell considers macro-users that may be situated further away. The UL signals are demodulated by removing the cyclic prefixes and performing a fast Fourier transform (FFT) on the received subframes to determine the subcarriers within the deployed UL band.
The UE can be identified in the LTE system by different keys while it is connected with its serving eNB. A unique identifier, the cell radio network temporary identifier (C-RNTI), is allocated by the eNB to the UE at the moment when an attach procedure is initiated between the UE and the eNB. Different C-RNTI values are assigned to different UEs, and they are used for marking radio resource control (RRC) messages while UEs are connected to their serving eNB. This identifier thus uniquely defines which data is being sent over the DL that belongs to a particular UE, and the serving cell uses C-RNTI to differentiate UL transmissions of one UE from others. The nearby macro-user identification is performed on the basis of C-RNTI after receiving UL signals. Thereby it is made possible for the femtocell to identify multiple macro-users in its vicinity and get the information required for interference avoidance.
Future resource PredIctIon
Once the femtocell acquires the C-RNTI of the macro-user of interest, first, it can find its resources on the macrocell DL map. This gives the femtocell a preliminary vision of the macrocell DL free resources in addition to resources allocated to far macro-users. Second, by receiving the UL signal, the femtocell can predict the macro-user preferences by exploiting the channel-dependent scheduling process.
Channel-dependent scheduling is based on the SINR measurements over the DL subbands where the macro-user reports a channel quality indicator (CQI) value for each subband, including the wideband [12] -to be translated to an appropriate modulation and coding scheme (MCS) index -based on the target link quality in terms of DL BLER. The reported MCS value of the wideband is used by the serving macrocell to optimize the frame resources, and differentiates the best reported subband by its UEs by calculating the metrics for the subbands, which depend on the difference between the reported subband MCS 
M resource blocks
It is vital to the efficiency of the system that the performance of femtocells does not undermine the activity level of the primary users, namely the macro-users. A feature of these low power nodes is that they can be deployed by the user at any time. Therefore, any interference management scheme must yield priority to the macrocell and its users.
and the wideband MCS, and the allocation block size. The UE may span multiple subbands, and some of these subbands can be quite poor. If any subband goes below the wideband MCS index, it is omitted out of consideration for savings. The femtocell discovers to which subband the CQI corresponds and obtains this information from the initial physical UL control channel (PUCCH) offset and CQI transmission parameters such as: the periodicity of the CQI reporting over PUCCH (the number of subframes between two consecutive CQI reports) and the subband report repetition count K (the periodicity of subband reporting before the next wideband CQI is reported) [13] .
If the macro-user has reported a low CQI value for one subband, the resources of this subband will be the target of the femtocell. On the other hand, subbands that have high metrics are suitable for the macro-user's allocation, and it is scheduled on one or more of these subbands depending on the scheduling algorithm at the macrocell. By judiciously selecting subcarriers, the femtocell interference on the macrocell DL can be avoided.
When the femtocell locates the macro-user's preferred subband (e.g., subband j in Fig. 3b) , the femtocell has to discover whether this subband falls within its bandwidth or not by locating the start-frequency f sub-j-S and the end-frequency f subj-E of this subband and the frequency range of the subcarriers located in the range {f sub-j-S , f sub-j-E }. Then the femtocell finds the matching femto-subcarriers of the macro-subcarriers on the preferred subband. Resource blocks that have matching subcarriers are excluded from the femtocell allocations in order to avoid interference.
The femtocell has to continuously perform sensing in order to account for changes in the 
radio spectrum. Moreover, when the femtocell allocates resources of a specific subband to its UEs, it has to keep this allocation and does not switch to other resources without prior knowledge of the vacancy status of these resources. On the other hand, at the macrocell side, when the macro-user reports a good value for multiple subbands including its current subband, the macrocell reschedules it over the same resources with the aim of relieving the overhead over the femtocell scheduler through fewer interrupts of the channel-dependent scheduling process. The X2 interface can be used to provide communication between serving eNBs in order to improve handover and reduce inter-cell interference. Actually, the implementation of real-time coordination between eNBs requires very short latencies and accurate active time distribution. Allocation in LTE is highly dynamic and may change on a timescale of milliseconds. If both macrocell and femtocells were to exchange the scheduling information over the X2 interface, this would create an extra data load especially in cases when gateways are present on the connection between femtocells and the macrocell. The X2 interface is enabled in our simulation. However, to avoid the overhead and aging of information due to potential transmission delays and possible network congestion over the X2 interface, the following procedure is used: the femtocell and macrocell scheduling maps are not exchanged over the X2 interface (marked with a dotted line in Fig.3a) , and the femto-macro communication over the X2 interface is limited only to reporting the victim macro-users' identifiers so that the macrocell assigns scheduling priorities to those users over their preferred subbands.
PerFormAnce evALuAtIon
In co-channel deployment, if the femtocell is installed at a location where the coverage of the macrocell is weak, the femtocell's coverage signal should be strong enough so that it will not be affected by the macrocell's DL signal. On the other hand, when the femtocell is deployed at some indoor location where the macrocell's coverage may be relatively good, the femtocell DL signal could be vulnerable to macrocell interference. In this situation, interference can be mitigated using a joint demodulation technique to recover the desired signal or by enabling interference cancellation using multiple antennas [14] .
OPNET 17.5 is used for the simulations. The simulation parameters are shown in Table 1 . There are five users per femtocell and 15 macro-users. All users have IP flows to maintain resource utilization and data connectivity during simulations. Because users moving fast pass through the femtocell coverage area quickly, the interference duration will be short. Thus, only the lowest-speed case is considered in the simulation as a worst case scenario.
The performance of the proposed interference avoidance scheme depends on the vacancy of the macrocell overlapped resources and the number of femto-users. Figure 4 depicts a numerical example of the femtocell allocation procedure at certain timestamps, and the subbands of the macrocell and the femtocell. The macrocell's subband 0 is out of the overlapping co-channel; therefore, it is assigned the highest priority if the victim macro-user requests scheduling over it, and in this case the femtocell can schedule its users over the entire allocated 3 MHz bandwidth. For example, this case can be seen at timestamp 170.456 s. The frequency range (megahertz) that matches each macro-UE preferred subband j (and thus their counterpart femtocell subbands i) will not be allocated by the femtocell. For example, at timestamp 191.167 s, the macro-UE reported a low MCS for subbands 0, 2, and 3 of the macrocell bandwidth. Macrocell subband 0 is out of the femtocell bandwidth; therefore, the femtocell will try to schedule its user(s) over the frequency range of macrocell subbands 2 and 3, which is {2111.44, 2112.88}. This range, in terms of subbands, covers femtocell subband 1 in addition to part of the RBs of subbands 0 and 2.
The DL BLER statistic, which represents the aggregated BLER measured at all macro-users in the femtocell vicinity for all packets arriving from the macrocell, is used to evaluate the femtocell's interference avoidance performance. Figure 5a shows the BLER vs the macrocell's overlapped resources vacancy (assuming five femto-users) for different scenarios such as:
• Listening and sensing (traditional method without prediction) • Using prediction with X2 disabled (when the victim-macro-user does not get priority in macrocell scheduling) • Using prediction with X2 enabled Furthermore, Fig. 5b shows the victim macro-user DL throughput (normalized to 4.5 kb/s) vs. the number of users connected to the femtocell for different scenarios of resource vacancies. When the percentage of vacant resources is small (the macrocell is loaded and the number of nearby macro-users is large), channel-dependent scheduling cannot schedule all those macro-users over the interference-free resources as a result of the overlapped resources. Thus, some of the macro-users will be scheduled over the overlapped resources. When no prediction is performed, spectrum holes are obtained by DL listening and UL sensing. Due to high demand on resources, listening and sensing will not guarantee accurate scheduling of the femto-users, leading to a low probability of collision with the macro-users who are scheduled over the overlapped resources. However, the femtocell can achieve improved performance by predicting the future scheduling opportunities. In this case, performing prediction proves to be more robust than DL listening and UL sensing only. Prediction enhances the cognitive femtocell performance when the macrocell resource vacancy is low. Figure 5a shows that in the case of 25 percent resource availability, the BLER is acceptable (< 10 percent for a successful reception of the block [15] ) when using prediction with the X2 interface, and the femto-to-macro interference is reduced significantly because the femtocell exploits this part of the spectrum successfully. This helps the victim macro-user to maintain a good throughput level, as shown in Fig. 5b .
In the case where no X2 interface is available, prediction performance is degraded due to the mismatch between the predicted values and the actual allocated ones because the macro-user has not been scheduled over its preferred subband. In this case, prediction improves performance only when there is a vacancy in the macrocell overlapped resources so that the macrocell responds to the victim macro-user's scheduling demands.
On the other hand, it is clear from the results depicted in the figures above that when abundant resources are available, as shown in Fig. 5a , and the number of the femto-users is small (Fig. 5b) , there will be flexibility in the macro-users' scheduling so that the BLER is acceptable and the victim macro-user throughput is tolerable. This is related to the channel-dependent scheduling process in the LTE system where the nearby macro-users and also the femto-user(s) request scheduling over the interference-free resources at the macrocell and the femtocell, respectively. Furthermore, even if the femtocell utilized the same macro-user's subcarriers, the latter can request scheduling on other available subcarriers.
As mentioned previously, since the femtocell is exploiting the cognitive approach, priority is given to the macro-users, and the cognitive approach should not cause any degradation to their activity level. However, another issue considered here is the QoS at the femto-user's side, which needs to be investigated. In the case where 25 percent of the resources sensed by the femtocell are available, this indicates that there is at least one subband (25 percent of 15 RBs  4 RBs) available for the femtocell to operate on (Fig. 5a ). This is acceptable as a pair of two RBs is the minimum allocation unit used by the LTE scheduler while determining the allocations on a frame. In order to investigate the QoS level at the femto-user's side with a low number of available co-channel resources (4 RBs), the packet end-to-end delay statistic is presented in the case of videoconferencing for femto-users. Other deployed application statistics such as FTP download response time and voice packet end-to-end delay are also presented. It can be seen from Fig. 5c that the performance of deployed applications depends on the number of served femto-users and the application type, where some application types, such as video conferencing, consume more resources.
Scheduling at the macrocell is dynamic, and offers flexibility and diversity of the resource allocation, however this may result in L1/L2 signaling load, which is inefficient for scarce radio resources and also results in considerable overhead on the femtocell scheduling process since the femtocell scheduler is considering the nearby macro-users scheduling. Figure 5d shows the percentage of the femtocell radio link control (RLC) traffic increase while tracking the nearby macro-users. This statistic represents the LTE RLC sublayer traffic received by the femtocell and it includes overhead due to RLC headers in addition to the retransmitted traffic and status report traffic. From this figure, it is obvious that the femtocell RLC sublayer has to deal with more traffic when the number of nearby macro-users increases and also when no X2 interface is considered with the macrocell. Also, the channel reporting level contributes to the RLC overhead increase because the CQI transmission parameters at the macrocell (subband report repetition count-K) increase the computational effort at the femtocell in case of dense reporting of the CQI over PUCCH. Figure  5d presents a dense reporting at every 20 subframes between 2 consecutive CQI reports.
uL InterFerence oF mAcro-users to FemtoceLL: FIne tunIng oF cAndIdAte uL subcArrIers
Channel dependent scheduling on the UL is the same as on the DL where the eNB measures the link quality and informs the UEs over the downlink control channels. For the UL allocations, after discovering the macrocell preferences and UL allocations, the femtocell can allocate orthogonal UL resources in order to avoid UL interference. In the previous sections, it is mentioned that the femtocell is able to synchronize its DL transmission with the macrocell. Timing advance is employed in order to have all the UL transmissions be received within the time slot at the macrocell; however, UL transmissions of macro-users utilizing subcarriers that are not used by the femto-users, but adjacent to the femto-users' UL subcarriers, arrive at the femtocell with different delays. This causes inter-carrier interference (ICI) to the femtocell. Therefore, it may look as though not all the UL subcarriers allocated by the femtocell are suitable. However, this depends on the macrocell size. In LTE systems, the cyclic prefix (CP) at the start of each symbol provides protection against multi-path delay spread, so the duration of the CP is greater than that of the delay. For normal CP of 4.7 ms or extended CP of 16.67 ms (for very large rural cells), these periods account for users at distances of 1.4 km and 5 km, respectively. This means, for example, in the case of a 4.7 ms CP co-channel femtocell, any macro-user within a distance of 1.4 km of the femtocell will not cause ICI. Meanwhile, in the case of potential ICI from macro-users at a distance larger than 1.4 km, UL subcarriers adjacent to those of macro-users' subcarriers cannot be selected by the femtocell. Roughly speaking, ICI consideration excludes a few more neighboring subcarriers. 
concLusIon
Femtocell technology is one of the solutions for mobile networks when there is a need for capacity boost. However, co-channel interference is the main drawback of this deployment. To address this problem, this study proposes a co-channel interference management technique in macro-femto networks based on macro-user tracking. It was demonstrated that macro-users can exist with a femtocell in co-channel deployment as long as the femtocell enhances its cognitive capabilities by predicting the macro-user's future resources. Enhanced sensing and detection by prediction is required for improved performance when the macrocell is heavily loaded. The QoS at the femto-user's side and the overhead at the femtocell RLC sublayer are also presented and discussed. Furthermore, it has been demonstrated that femtocells are able to avoid utilizing the subcarriers that have been allocated to the victim macro-user. Consequently, using the proposed dynamic algorithm, there is less need for accurate femtocell radio planning and precise femtocell placement.
Future Work
Although dense femtocell deployment has already been presented in this magazine, it would be interesting to investigate the performance of the proposed scheme in a dense femtocell environment as well as the performance over the UL in a future study. Femtocell technology is one of the solutions for mobile networks when there is a need for capacity boost. However, co-channel interference is the main drawback of this deployment. To address this problem, this study proposes a co-channel interference management technique in macro-femto networks based on macro-user tracking.
